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LIMEX ’87 Ice Surface Characteristics: Implications
for C-Band SAR Backscatter Signatures

MARK R. DRINKWATER
(Invited Paper)

Abstract—Ice surface characterization data collected in March 1987,
during the Labrador Sea Ice Margin Experiment, are analyzed to es-
timate the changes in snow and ice properties at the onset of melt.
Surface measurements were made from an ice research vessel on sev-
eral days (some of which had coincident remote-sensing flights) at a
number of locations in the marginal ice zone (MIZ). These data are
used as input parameters in a simple scattering model to simulate the
effects of variations in material properties upon C-band scattering sig-
natures. Snow moisture and large-scale surface roughness are dem-
onstrated to have the largest effect upon 63, and large differences are
predicted between undeformed floe surfaces and deformed or undulat-
ing rough ice surfaces. Using a parametric approach, an approximate
picture of rough and smooth ice signatures and their relative contrast
are provided. The models reproduce a trend observed in SAR images
of increasing backscatter contrast between deformed and undeformed
ice over an early period of warming: Such observations are consistent
with the results of analysis of SAR images to date. The model also re-
produces a calibrated SAR-derived signature with a reasonable degree
of accuracy.

I. INTRODUCTION

\URFACE properties of sea ice vary considerably both
Jtemporally and spatially, having important conse-
quences for the backscattering and emission behavior of
this polar medium. The ‘‘early melt”” season marks the
transition from winter conditions to warmer spring con-
ditions, and the onset of melt is characterized by signifi-
cant free water in floe surface snow. Emissivity and scat-
tering signatures are as a result dominated by liquid water
in this sutface layer. In March 1987, during the pilot La-
brador Ice Margin Experiment (LIMEX) [1], ice floe sur-
face snow and sea ice were sampled at various locations
in order to collect supporting ground data for several C-
band Synthetic Aperture Radar (SAR) overflights [2].
These flights were conducted by the Canada Centre for
Remote Sensing (CCRS) Convair-580 over a variety of
study sites off the east coast of Newfoundland. Periodic
measurements of snow and ice properties enabled tem-
poral records of surface roughness, salinity, wetness,
depth, and density, and photographs of the microscopic
snow structure to be obtained during the onset of melt.
Various experiments and studies have been mounted
over the last decade with the ultimate objective of deriv-
ing algorithms for the differentiation of ice types in radar
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imagery [3]-[7]. These experiments have been limited,
however, as to their geographical location and the range
of frequencies and incidence angles investigated. As a re-
sult, the variation in microwave scattering properties in
certain circumstances is still little understood. Experience
gained from earlier campaigns has been utilized to a de-
gree in the development of models to simulate microwave
signatures of combined media [8]-[13]. Other than during
the Marginal Ice Zone Experiment [14], little or no data
have been collected using a C-band SAR system in a mar-
ginal ice zone during melt conditions. Sea-ice data and
5.3-GHz SAR images used in this paper provide an op-
portunity to apply theoretical models, developed and
based upon physical/ geometrlcal optics approaches, to
marginal ice surfaces examined in the Grand Banks region
of the Labrador Sea under warming conditions. Models
are driven using physical properties measured in situ and
are used to explain the range of scattering signatures of
targets observed in the radar images.

II. LIMEX ’87 SURFACE OBSERVATIONS

Sea-ice conditions were monitored throughout LIMEX
between March 15 and 26, 1987 off the east coast of New-
foundland [1], [2]. Detailed surface data were collected
on several days, concurrently with remote-sensing over-
flights, in order to characterize surface conditions and
identify changes in material properties. The geographical
locations of experiment surface sites are shown in Fig. 1,
and the position of the ice edge is included to indicate the
zones within the marginal ice where measurements were
conducted.

A. Measured Snow and Ice Properties

Parameters recorded in the field by the surface data team
included snow and ice depths, and snow salinity, wetness,
density, and temperature. Two-dimensional profiles of the
snow surface were obtained with the aid of a roughness
profiler, and the author also obtained macrophotographs
of snow-grain morphology (at 10X magnification).

Sea-ice cores were extracted in several locations using
the Centre for Cold Oceans Resource Engineering (C-
CORE) equipment. Core lengths were cut into 5- and 10-
cm sections and allowed to thaw. The salinity of samples
was determined with an Endeco optical salinometer cali-
brated at room temperature.

In addition to snow and ice surface characteristics, lo—
cal meteorological conditions were monitored during the
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Fig. 1. LIMEX ’87 surface experiment sites and extent of the marginal ice
zone. The dotted rectangle delineates the area within which coincident
aircraft SAR flights were made in order to create image mosaics on March
21, 23, and 26 of sea ice in the CSS Baffin locality.

course of observations at each experimental site; an au-
tomated weather station located on the vessel CSS Baffin
also continuously recorded a variety of parameters. Six
hourly averages of winds recorded at St. John’s, mean
winds recorded during surface measurements on the ice,
and shipborne winds in periods when the ship was sta-
tionary are synthesized in Fig. 2(a). The accompanying
air temperature trace in Fig. 2(b) indicates that warm and
cold periods are synchronized with the wind direction.
Melting conditions are induced by warm, moist south-
easterly winds, while subzero refreezing conditions occur
during bouts of predominantly northeasterlies.

1) March 16: Surface experiments were carried out
while the CSS Baffin was in the interior MIZ. A deep snow
layer of mean depth 16 cm was recorded on top of rela-
tively undeformed sea ice after a recent heavy snowfall
(on March 13). Snow stratigraphy -records and density
measurements are described in Fig. 2(c). Snow crystal
macrophotographs indicate that the snow layer was being
transformed by the processes of grain rounding and sin-
tering. For a month prior to the experiment, temperatures
recorded at St. John’s were predominantly below freezing
(i.e., 0°C). Under cold conditions, the process of ‘‘equi-
temperature metamorphism’” [15] begins immediately
after precipitation, rapidly changing the characteristics of
the snow layer deposited on sea-ice surfaces. Character-
istics distinguishing the onset of this type of destructive
metamorphism are the transformation of original snow
crystal forms and the production of uniform well-rounded
grains without any remaining angular crystal facets [15].
As temperatures rose above freezing on March ‘15,
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metamorphic processes responded to temperatures fluc- .
tuating around freezing for 24 h prior to the first surface
observations. Fig. 3 illustrates a snow sample from a
4-cm depth, and the well-rounded 1-mm diam grains and
bonded grain necks indicate the melt-freeze metamor-
phism of the snow layer. Such snow, with clusters of
rounded ice grains, is commonly known as ‘‘corn snow’’
[15]. The upper part of the layer was dampened by snow
meltwater, while the basal layer was relatively wet due to
gravity percolation down to the snow/ice interface. The
mean recorded snow density was 450 kg m ™ at this lo-
cation. -

2) March 20: A typical snow profile obtained on this
day contained the attributes displayed in Fig. 2(c). Snow
depths varied from zero to a maximum depth of 15 cm,
but cycles in the temperature and accompanying melt-
freeze had reduced the mean snow depth to 12 cm. Snow
crystals had suffered from the effects of the raised tem-
peratures (Fig. 2(b)) and had been transformed via the
process of melt-freeze metamorphism [15]. Under these
conditions, smaller ice grains in the surface layer melt
during warmer periods. The resulting meltwater perco-
lates into the snow and the layer becomes a two-phase
mixture. During periods of refreezing, free water trapped
between ice crystals and in pore spaces forms grain necks,
fusing or bonding snow crystals together into polycrys-
talline aggregates of larger grains. This snow is classified
on the basis of the snow crystal macrophotographs and
categorized as ‘‘advanced firn snow’’ [16}.

Snow densities had increased and two distinct layers
developed; the upper had a mean density of 480 kg m =,
and the lower a mean density of 500 kg m™>. The former
had well-rounded grains with a mean diameter of 1.2 mm
bonded by meltwater refrozen between grain necks. The
latter was wetter, having large grains of 3-mm mean diam
formed of clusters of small, round ice crystals.

3) March 21: Stratigraphic data demonstrated the
characteristics in Fig. 2(c). Freezing overnight tempera-
tures below zero resulted in a surface crust. As morning
progressed, ambient air temperatures increased (Fig. 2(b))
and the surface snow warmed. Mean snow temperatures
of approximately 0°C led to grain necks thawing and snow
pore spaces becoming occupied by water. The snow be-
came friable as bonds of aggregated grains disintegrated.
Beneath a surface crust, the shallow snow layer (approx.
4-cm depth) was granular, with a mean density of 500 kg
m 2. Photographs taken of ice surface morphology indi-
cate that by this date large proportions of ice floe surfaces
had become particularly well deformed.

4) March 25: The surface snow layer had increased in
density to the extent that it was no longer possible to ob-
tain representative samples of structure. Recrystallization
had transformed snow into advanced firn [16] in a thin
white opaque layer to a depth of 2 or 3 ¢cm upon the sur-
face of the ice (Fig. 2(c)). Repeated melt-freeze cycles
enabled an appreciable gain in density of the surface layer
and an increased mechanical strength. The typical density
range of snow in this category is 600-700 kg m>. Fig. 4
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Fig. 2. Meteorological and ice surface conditions during the LIMEX ’87 experiment period. (a) Indicates the wind speed and
direction, (b) shows the corresponding temperatures, and (c) describes typical surface conditions at particular locations, in
terms of the snow structure, crystal morphology, and density.

Fig. 3. A snow crystal macréphotograph at approximately 10X magnifi-
cation taken on March 16. It shows a tightly packed cluster of rounded
melt-freeze grains with diameters of around 1 mm.

shows small-scale surface roughness formed by aggre-

gates of large ice crystals around the rims of floes.

5) March 26: On the final day of surface data collec-
tion, surveys were conducted at three individual sites
along a transect orthogonal to the ice edge. The mean
depth of the dense firn remaining on ice floe surfaces was
2 cm, though many had melt pools in areas where this
layer had melted (Fig. 2(c)). Macrophotographs indicate
that the firn was aggregated into large tightly packed clus-

Fig. 4. Surface clusters of ‘‘ball-bearing ice’” with large cm-scale inter-
locking grains found around the rims of ice floes, taken on March 25.

ters of large (2.5-3-mm diam) well-rounded grains, which
was given the descriptive term ‘‘ball-bearing ice.”’

Patches of bare blue sea ice were observed on many ice
floes by this stage in the experiment. Most floes had lev-
ées and had been further deformed and fractured by col-
lisions and rafting under pressure in the MIZ. However,
large rafted blocks and pressure ridges were no longer ev-
ident owing to the advance or the limit of wave action and
the disintegration of large piles or upstanding chunks of
ice. Few floes had substantial areas of flat surface exposed
to the aircraft SAR.
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B. Overview of Surface Properties

Surface snow decreased rapidly in depth throughout the
course of the experiment (Fig. 2(c)). Snow crystal macro-
photographs illustrate that the collective processes of de-
structive metamorphism changed the medium into a va-
riety of stages of “‘firn’’ [16]. What was observed between
March 16 and 26, therefore, was a continuum of states
between the beginning of snow metamorphosis and the
formation of higher-density polycrystalline ice. By March
26, the top few centimeters of the surface had become a
near-continuous layer of snow ice, almost like freshwater
ice.

III. SNxow MELT AND ICE SURFACE DESALINATION

Surface characterization data show that melt-freeze
cycles and melt drainage ultimately reduced the surface
snow layer to a near-zero depth in most locations. Ice
cores were extracted in several locations, and Fig. 5 de-
scribes the mean salinity profiles from ice sampled on
March 23 and 26. These indicate that significant desali-
nation had occurred in the upper ice layer (0-30 cm) as a
likely consequence of brine drainage channel develop-
ment and flushing by snow meltwater during warm pe-
riods. In the upper 10 cm, salinity values typically range
from 0-2.0%o. For March 26, a strong salinity gradient is
observed down between 25 and 35 cm, and a maximum
salinity of 8%o was measured at a 35-cm depth in one core.
Below 35 c¢m, the mean salinity remains reasonably con-
stant in both profiles, remaining between 3 and 5%o down
to 115 cm. ’

Ice in the interval 35-110 cm shows a reasonably stable
salinity, seemingly unaffected by the onset of desalination
processes, and appears to indicate original bulk salinities
of between 4-5%g. These characteristics appear to be con-
sistent with measurements of first-year fast ice desalina-
tion made in Mould Bay during June and July 1982 [17].
Flushing seems the most probable mechanism behind
rapid desalination, due to the large amount of surface
meltwater produced by snow-layer thaw. Flushing occurs
under gravity drainage as the pressure head of surface
meltwater overcomes the capillary retention of brine in
pockets within the ice. Providing that the ice is perme-
able, meltwater is able to penetrate and drain downwards
[18], [19]. Mean ice thicknesses in the core localities were
2.7 and 1.6 m on March 23 and 26, respectively. This
indicates that rafting was of particular importance in aug-
menting ice thickness and perhaps in initiating the onset
of desalination by uplifting and increasing the freeboard
of the ice and the resulting pressure head. This factor
would explain the lower bulk salinities observed in the
profile for March 23 in Fig. 5.

IV. DIELECTRIC PROPERTIES OF OBSERVED MEDIA

A. The Complex Dielectric Properties of Wet Snow

Wet-snow permittivity (e¢') and dielectric loss (e”) are
frequency dependent, showing large increases with liquid
water content in the GHz range. Both Colbeck [20] and
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Fig. 5. Mean salinity profiles obtained from ice cores taken on March 23
and 26 and sampled at 10-cm intervals.

Tiuri et al. [21] investigated the dependence of the com-
plex dielectric constant (e*) of snow upon grain struc-
ture, wetness, and frequency (where e* = €' — je”). At
microwave frequencies close to the relaxation frequency
of water, such as 5.3 GHz, ¢’ and ¢” become almost in-
dependent of the snow structure. Instead, according to
[21], water dominates the behavior of the real and imag-
inary parts of e*. In fact, the effective relaxation fre-
quency ( fo) of undisturbed wet snow (i.e., the frequency
at which €” has its maximum value) is found consistently
at 10 = 1 GHz [22], [23] at a temperature of 0°C. Loeb
et al. [24] observe a relaxation frequency of 11 GHz in
pure water at 5°C, and so it is concluded that the dielec-
tric properties of wet-snow mixtures depend significantly
upon the relaxation spectrum of water. ;

Tiuri et al. [21] utilize the Taylor dielectric mixture
formula [25] to consider a combination of air and water
between ice particles. Water inclusions are assumed to
conform to a shape halfway between randomly oriented
needle-like shapes and spheroids, as this is close to what
has been observed in reality. The empirical relationship
used to find the permittivity of a known density ( p4ry ) Of
dry snow excluding any water (from [21]) is

€y = 1 + 1.7pgy + 0.705, (1)
where p is measured in g cm 2. The increase in the per-
mittivity of the snow by a small amount Aey,, when water
is included, is simply
Aely = (2)

' ’
€wet " €dry-
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Tiuri et al. find a pair of expressions to calculate the
permittivity and dielectric loss of wet snow in the GHz
frequency range [21], given (1) and (2):

'
Aewet

e, (0.1W, + 0.8W2) (3)

(4)

W, is the volume fraction of water, and the relative per-
mittivity (e,,) and dielectric loss (e, ) of water are calcu-
lated for 5.3 GHz as 65.8 and 36.51, respectively, using
a simple Debye equation [21]. Fig. 6 shows the results of
calculating of ¢, and eq. by using (1)-(4) with varying
W,. The value of €, tends to zero for snow with no free
water, but increases rapidly as water is included. ey, also
responds, increasing by about 1.9 with the addition of 15
percent water by volume fraction. The response of ey to
snow density (p,) is also included for the three snow
densities, 200, 400, and 600 kg m~?3, illustrating that in-
creases in permittivity are proportional to density in-
creases.

Caution is required in extracting values from Fig. 6, as
(3) and (4) are derived for old coarse snow in the ‘‘pen-
dular regime”’ (i.e., less than 14 percent of pore volume
filled with water [20]). This state occurs when the snow-
water volume fractions are still low enough for water to
be held at the necks between snow-grain boundaries.
Variability in ey and ey, increases when snow crosses
the transition from the pendular to the funicular regime
(where drainage begins), and so these two regimes are
delineated by shading in Fig. 6 for ey at each density.
For snow of 400 kg m™2, in transition between the two
regimes, ¢’ and ¢” are estimated to be at 2.65 and 0.5.

Snow wetness measurements were made on March 20
using the dye dilution technique [26]. The accuracy of
these measurements relies on the temperature of a given
dye solution being 0°C when introduced to a snow sam-
ple, otherwise the snow crystals begin to melt. Since many
of the recorded measurements were obtained at tempera-
tures above zero, the reliability of the majority of esti-
mates cannot be trusted. However, those few obtained (at
temperatures close to freezing) from the damp surface
snow layer shown in Fig. 2(c) gave an estimate of a liquid
mass volume fraction of about 0.22. When corrected for
locally measured snow densities ranging between 400 and
500 kg m ™, these data indicate an approximate range of
W, between 0.08 and 0.11 (i.e., between 8 and 11 percent
by volume). Thus, on March 20 the upper snow layer was
in transition between the pendular and funicular regimes.

Given the observed parameters, it is evident that the
surface firn and its variations in water content (and to a
lesser extent density and ice-crystal morphology) govern
the dielectric properties of floe surfaces. A damp, shallow
snow layer attenuates microwave energy and modifies the
response of the snow/ice interface and the sea ice beneath
[27]. Thus, the varying depth and water content of this
layer will bear a large degree of influence upon the mi-
crowave scattering properties of ice floe surfaces.

el (0.1W, + 0.8W2).
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Fig. 6. The dielectric properties of wet snow at a frequency of 5.3 GHz.
The permittivity and dielectric loss are plotted for varying snow-water
content and densities of 200, 400, and 600 kg m~>. The shaded region
indicates the value of €, for snow of given density and wetness in the
pendular regime.

B. Microwave Dielectric Properties of Labrador Sea
Ice

The dielectric properties of first-year Arctic sea ice are
well documented. Vant et al. [28] and Arcone et al. [29]
investigated the complex dielectric properties, of ice with
salinities between 3 and 10%o in the frequency range 0.1-
40 GHz. Recently, Drinkwater and Crocker [13] theoret-
ically modeled dielectric properties of high-salinity first-
year ice at microwave frequencies using measurements of
properties of young fast ice in the Canadian Arctic. To
complete the range of microwave dielectric properties,
Hallikainen er al. [22] made a series of measurements of
low-salinity ice in the Gulf of Bothnia during April 1987.
Importantly, their dielectric measurements of warm first-
year sea ice under melting conditions ( —6.0° to —0.3°C)
cover the remaining unknown low-salinity range between
0 and 1.0%o. These measurements indicate electromag-
netic properties of ice most comparable with extensively
desalinated ice observed in the Labrador Sea. Since e* is
most closely linked to the volume fraction of liquid brine,
it is important to know the effects of desalination upon the
complex dielectrics of the ice medium. Hallikainen et al.
[22] observe that as the low-salinity ice is warmed to tem-
peratures between —1° and 0°C, the volume fraction of
brine in the ice rapidly reaches a maximum. The conse-
quence for ice in the salinity range 0.7-0.9%p is an in-
creasing permittivity and dielectric loss from levels more
typically associated with pure ice (e* = 3.1 — j0.01) at
~2°C to values around ¢* = 4.3 — j1.0 at a temperature
of —0.2°C.

C. C-Band Penetration Depth in Labrador Sea
Marginal Ice Surface Media

As explained, the snow layer and its liquid water con-
tent increase losses, generally making the underlying ice
less significant in the backscattering process. Even a small
depth of wet snow can mask the response from the sea ice
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Curves A-D indicate significant reductions in §, with increasing salinity
and temperature.

by attenuating energy sufficiently rapidly such as to en-
able only shallow penetration [27] into the surface layer.
The penetration depth &, in a wet snow or sea-ice medium
is controlled by the scattering and absorption losses due
to the mixture of dielectrics and material structure. If
scattering losses are assumed to be negligible, 6, is [30]

v [0+ (E) -8 o

where M\ is the wavelength, €' is the permittivity of the
medium, and e” is the dielectric loss of the medium. In
Fig. 7(a) penetration depth curves are calculated for wet
snow with various densities at 5.3 GHz, using (1)-(5).
The curves demonstrate that 6, is reduced dramatically
with the addition of small amounts of water, and using
this approximation appears to be insensitive to the density
of the snow. With 10 percent water by volume fraction,
8, is reduced from the order of several meters to between
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0.02 and 0.03 m, corresponding well with the results in
[14].

Late in the experiment, when the firn is shallow, the
underlying low-salinity ice surface can contribute to the
backscatter signature of the radar. Fig. 7(b) illustrates the
temperature and salinity dependence of 6, in columnar
first-year ice at 5.3 GHz (after [12]). A characteristic kink
occurs at —22.9°C due to the temperature, salinity, and
brine volume phase relations for sea ice [31]-[33]. Im-
portantly, however, during LIMEX ’87 the upper ice in-
terface temperature was never lower than —3°C and re-
mained close to 0°C throughout this period. Curves in
Fig. 7(b) show that 6, tends rapidly to zero for ice of any
salinity in the temperature range —5° to 0°C. This dem-
onstrates that volume scattering within the sea ice may
effectively be disregarded.

V. SURFACE ROUGHNESS AND RADAR BACKSCATTERING

When snow is wet, 6, is small and the surface rough-
ness becomes of major importance in influencing micro-
wave signatures [30], [34], and [35]. The relationship be-
tween surface roughness and surface scattering is well
understood [36]. In the context of SAR imagery, a flat
specular sea-ice surface reflects incident energy away from
the antenna, resulting in the target area appearing dark.
With a relatively rough surface, some energy may be
backscattered to the antenna, resulting in a’ bright target
area.

A. Surface Roughness Measurements

Several roughness profiles were obtained of snow and
ice surfaces. The apparatus and technique used enabled
the height of discrete elements of a surface profile to be
measured. Sampling was possible at 1-cm intervals in
1-m sections along a transect. Statistics derived using this
technique have been analyzed numerically. The degree of
roughness of these surface sites is quantified in terms of
the standard deviation (o) of surface height elements (or
rms height) and the surface autocorrelation function-de-
rived correlation length (/). Since variations in surface
height are assumed to be random, the mean surface is used
as a reference level. Values of ¢ and / describe the statis-
tical variation of the random component of surface height
relative to the reference surface [36]. :

Normalized autocorrelation functions are derived from
the statistics, where p(x') is a measure of the similarity
between two height elements separated by a given dis-
tance x', where x’ = (lag — 1) Ax, and Ax is the spatial
sampling interval in the horizontal direction. The lag is
an integer where lag > 0 and whose maximum value is
limited by the length of the sampled profile. The corre-
lation length (/) is derived from the normalized autocor-
relation function, being defined as the displacement at
which p(x') = 1/e (=0.37) [36]. The statistic p(x’)
provides a measure of the dependence of closely separated
points upon a surface profile. If x' < [, then their heights
are statistically dependent upon one another, and if x' >
[ they are considered to be statistically independent.
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Fig. 8. Surface profile obtained from roughness measurements made along
a 22-m transect. The profile indicates cm-scale roughness in both unde-
formed and deformed ice areas.

One drawback realized from this measurement strategy
is that optimally Ax < A\ /10 to ensure that surface seg-
ments have no appreciable effect upon scattering from the
surface. In this case Ax =~ N\/5 at the SAR frequency of
5.3 GHz. Notwithstanding this deficiency, statistics pre-
sented in the following section indicate that larger-scale
surface roughness elements are likely to be dominant in
the effect of slope profile facets upon scattering, and the
sampling strategy is unlikely to be to the detriment of the
overall results.

B. Surface Profile Statistics

A surface profile from a 22-m co-registered section of
a transect obtained on March 20 is shown in Fig. 8. Sta-
tistics extracted from this profile indicate that height ele-
ments are normally distributed around the mean (or ref-
erence level), approximating a Gaussian distribution. The
standard deviation ¢ = 2.72 cm and the rms slope s =
0.33 rad ( ~19°) and the form of the distribution and high
rms slope are influenced by the overall degree of defor-
mation of this marginal ice. Rubbled floe edges and raft-
ing caused by extreme pressure conditions [37] are re-
sponsible for the undulations of the order of a 10- or 15-
cm amplitude in Fig. 8.

VI. SURFACE AND SUBSURFACE SCATTERING
CONTRIBUTIONS FROM A COMPOSITE
MARGINAL ICE ZONE

A. Surface Roughness Components

Fig. 9 illustrates autocorrelation statistics for the two
roughness classes identified from field data. Solid curves
in Fig. 9(a) and (b) are representative of the autocorrela-
tion functions of deformed, rafted or rubbled areas, and
flat floe surfaces, respectively. For rougher profile sec-
tions in Fig. 9(a), the standard deviation ¢ = 4.43 cm. In
contrast, statistics in Fig. 9(b) are from smoother sections
(see Fig. 8, that has a distance of 17 m), and ¢ = 1.74
cm. Other important statistics derived from the surface
profile sections used for Fig. 9(a) and (b) are rms slopes
of 0.38 and 0.23 rad, and correlation lengths / = 18.6
and / = 12.8 cm, respectively.

Though rough deformed ice was sampled in order to
obtain the statistics shown in Fig. 9(a), the majority of
rough ice circumstances were either inaccessible or im-
possible to sample using the technique described. Statis-
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Fig. 9. Autocorrelation functions for ice in (a) deformed areas, and (b)
undeformed, relatively flat floe surfaces. Solid lines indicate measured
curves along with respective surface correlation length (! ), standard de-
viation () of surface roughness, and rms slope (s). Dashed lines indi-
cate closely corresponding autocorrelation curves for ideal surfaces with
(a) a Gaussian, and (b) an exponential probability distribution as a func-
tion of height (¢) and [.

tics derived should only be used with the caveat that these
data are not representative of the large-scale roughness
elements such as pressure ridges and the large rubble piles
observed in active zones of ice shear. The maximum ob-
served rms slope, for instance, was only 0.5 rad, and since

. the bias is towards the higher end of the roughness spec-

trum, it is expected that in reality locally rough areas such
as pressure ridge ice piles can have rms slopes as great as
0.8 rad (or 45°).

It is evident from photography and the properties and
statistics extracted from surface profiles that the MIZ is
composed largely of rubbled or deformed ice separated by
areas of undeformed, relatively flat, desalinated first-year
ice. It is suggested that without a composite scattering
formula, no single scattering approximation can be used
to represent the scattering properties of this composite
MIZ surface. Various scattering formulations have been
used to approximate the backscatter response in given cir-
cumstances, however. Plotted alongside in Fig. 9(a) and
(b) are dashed Gaussian and exponential autocorrelation
functions, which indicate that the curves can be repre-
sented by simple functions to a first approximation. Thus,
providing that the criteria for applicability are met regard-
ing surface roughness, the scattering response from these
two distinct surface classes may be predicted with simple
Kirchhoff scattering formulae previously derived by Bar-
rick [39] and Eom [38] using similar Gaussian and ex-
ponential approximations.

B. The Kirchhoff or Physical Optics Surface-Scattering
Formulation

Among the many theories for surface scattering, the
Kirchhoff or physical optics formulation is one of the most
widely used [8], [39]-[41]. It is applicable to surfaces with
undulations whose average horizontal dimensions are
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large with respect to the incident wavelength. The main
restriction under which its simplifying assumptions are
valid is that the average radius of curvature ¢, > A. For
an autocorrelation function approximating to a Gaussian
distribution, as with the rougher of the two surfaces, o,
is defined as [36]

= 12/2.760. (6)

An additional restriction is that the correlation length, or
horizontal-scale roughness [, is larger than one wave-
length, and that

kol > 6 (7)

where ko = 27 /\.

Given the statistics in Figs. 9(a) and 10(b) for the two
broad surface-roughness classes, these criteria are met. In
these cases, the Kirchhoff surface integral is further sim-
plified using two approximations, one for surfaces with s
< 0.25 rad, and the other for rougher surfaces with s >
0.25 rad [36]. The former is a ‘‘scalar approximation”’
and is applicable when o is a fraction of A, as is the case
of the surface segment used for Fig. 9(b). The alternative
for a rough surface, described by the autocorrelation func-
tion in Fig. 9(4), is a simple geometric optics formulation
with a ‘‘stationary-phase approximation”’ [42].

C. Scalar Approximation for Smooth-Surface
Backscattering

The scalar approximation is used here to calculate the
range of backscattering coefficient (¢°) for undeformed
ice. Previously, this technique has been used to reproduce
the scattering signature of first-year ice with an exponen-
tial autocorrelation function [9], [10]. The requirements
for this model are satisfied for surfaces with similar sta-
tistics to the profile used for Fig. 9(b), at a frequency of
5.3 GHz. Using a correlation function of the form

p() = o ()

the following expression for the HH polarized backscatter
coeflicient is derived [38]:

(8)

ohu(0) = Z‘FHH| cos® 0 exp (—4kZ o* cos’ §)

Z (4k3 o? cos? 6)" (kK3n/l)
n=1 n! (4kg sin® 0 + n*/1?)

32

(9)
where HH is the polarization, I'yy is the Fresnel reflexion
coefficient, and 6§ is the incidence angle.

D. Stationary-Phase Approxzmatton Jor Rough-Surface
Backscattering

For rough or deformed ice surfaces a geometric optics
model [39] is more appropriate. Such a formulation is
widely used and discussed in [36] and [43] for a Gaussian
correlation function. The model parameters required are
simply the HH polarized Fresnel reflexion coefficient

I'yy(0) at normal incidence and the unidirectional rms
surface slope s.

The approximation is valid providing ks > 2 and 0 >
N\/3 [36]. For the field observations of ¢ = 4.4 cm and
larger on deformed ice surfaces, these conditions are sat-
isfied. The formula, however, does not account for mul-
tiple scattering, and so depolarization effects are ignored.
The backscatter coefficient o° comprises noncoherent HH
polarized surface scatter and. is a function of surface slope
and incidence angle. It is also independent of the surface
autocorrelation function.

E. Volume Scattering from the Snow Layer

Volume scattering from the snow layer depends pri-
marily upon the amount of energy transmitted into the me-
dium and the effective penetration depth 6,. Even for wet
snow, over 90 percent of the incident energy is transmit-
ted across a smooth air/snow interface (when I'yy(0) <
0.28). At the start of the experiment, snow wetness val-
ues estimated at W, = 0.05 or less mean that §, is suffi-
ciently large so that several centimeters of the snow vol-
ume contribute to volume scattering. Backscattering takes
place from ice grains and free-water inclusions, and the
intensity of volume scatter is governed by their size and
dielectric properties and the losses occurring by extinc-
tion within the layer. The total volume-scattering coeffi-
cient is calculated by summing the individual backscatter
components from ice grains and water inclusions, where
N, is the number density or number of ice scatterers per
unit volume (m~3) and N, is the number density of water
inclusions. Since these scatterers are small relative to the
wavelength, the ‘‘Rayleigh approximation’’ [44] is used
to calculate the backscatter cross section of an individual
particle. If scatterers are assumed to be spherical, the
backscatter cross section g, is [45]

647rr

|K] (10)

0, =

where r is the radius of the scatterer, A is the free-space
wavelength, and K is a complex quantity defined in terms
of the complex dielectric constant of the particle e rela-
tive to the background medium €%, where

(¢ —em) [
(ef + 2¢%)
Number densities or the relative numbers of ice or water

particles per unit volume may be calculated from
N = 3y /4xr’ (12)

where » is the volume fraction of either ice or water. The
total volume-scattering coefficient ¢, is then given by

(13)

The backscattering coefficient from the snow volume is
then expressed as [36], [13]

o0 = g, cos 6’ | — 1
v 2k, L*(6")

K[ =

(11)

» = Niop + Nyoy,.

(14)
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where k, = 1/6,, 0’ is the transmission or refraction an-
gle, and the one-way loss factor L(8’) in snow of depth
d meters is

L(6') = exp (k,d sec 6'). (15)

F. Combined Backscatter Coefficient o°

Both the surface scattering contribution ¢° and the snow
volume-scatter contribution ¢° must be combined in order
to calculate the total backscatter coefficient o0y, from ice
floe surfaces. Clearly, calculations of §, for wet snow in-
dicate that a negligible portion of energy penetrates deep
enough for the sea-ice medium beneath to contribute to
overall backscatter totals. Additional attenuation within
the wet snow layer means that sea-ice volume backscatter
can effectively be ignored under these circumstances.
Thus, o? and ¢ are summed:

owa(8) = 07(0) + T5(6")(02(6"))

and the transmission coefficient at the air/snow interface
Ty = (1 — Typ).

(16)

VII. CoMBINED MODEL RESULTS
A. Undeformed Ice Floe Surfaces

The scattering signature of undeformed ice floe sur-
faces are simulated using the assumption of an exponen-
tial surface correlation function. Mean values of field-
measured parameters such as snow density are used to
drive the model, and the five combinations of values listed
in Table I give a scattering signature for each surface de-
scribed in Fig. 2(c). Predicted signatures in Fig. 10 for
floes without changes in surface roughness indicate that
as snow density and volume fraction of liquid water in-
crease, the gradient of ¢° in the incidence range 40° < 0
< 80° increases. This result concurs with expected re-
ductions in volume scatter and a larger portion of incident
energy refiected away from the radar at the snow surface
[27]. In using the measured snow parameters (Table I)
and surface roughness properties from Fig. 9(b), the level
of the curves does not vary by more than 2-3 dB. Yet it
is evident from previous investigations with images such
as Fig. 11, obtained during the height of the melting pe-
riod (March 18-22), that certain floes appear much darker
than their surrounding counterparts [46], taking on an im-
age intensity almost as low as open-water areas. None of
the combinations of surface parameters account for stand-
ing water or a saturated upper layer upon ice floes (as
indicated in Fig. 2(c)), and so an additional curve is plot-
ted in Fig. 10 to represent the signature of the saturated
floes observed on March 25 and 26. Wet snow surface
dielectric conditions used to generate this signature were
exow = 4.3 — j1.0, along with the roughness statistics for
the smoothest surface observed (¢ = 0.73 and [ = 7.0
cm). This signature, in contrast, shows a marked reduc-
tion in o° throughout the incidence angle range of between
4 and 12 dB. It demonstrates that saturated or flooded floes
may be expected to have relatively lower backscatter val-
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Fig. 10. Simulated C-band HH polarized scattering signatures for each of
the five days, using parameters listed in Table I and given roughness
statistics for an undeformed exponential surface. Scatterometer data
points recorded over spring multiyear (MY) ice are indicated, and a sig-
nature predicted for smooth saturated floe surfaces is included for con-
trast.

TABLE I
PARAMETERS USED IN MODELING FLOE SURFACE RESPONSE THROUGHOUT
THE LIMEX EXPERIMENT (MARCH 16-26)

Snow 16/03 20/03 21/03 25/03 26/03
Property
Fonow (M) 0.001 0.0011 0.00125 0.00125 0.00125
w, 0.05 0.09 0.11 0.11 0.15
o (M) 0.16 0.12 0.04 0.02 0.02
Penow (kg m3 450.0 480.0 500.0 700.0 800.0
o, (m) 0.0174 0.0174 0.0174 0.0174 0.0174
1 (m) 0.128 0.128 0.128 0.128 0.128

ues over the whole angular range, with the maximum con-
trast at the largest incidence angles.

At these snow wetness values (Table I), the signatures
are expected to match late-spring scatterometer measure-
ments that were previously made at 5.3 GHz over first-
year ice. In fact, the HH polarized signatures shown in
Fig. 10 closely resemble the radar-scattering cross sec-
tions acquired by Onstott [14] over multiyear ice in the
Fram Strait in spring. This is not surprising since desali-
nation and flushing by available snow meltwater had sig-
nificantly reduced brine volumes in the surface layers of
the Labrador Sea marginal ice. Circumstances therefore
result in the reproduction of signatures from low salinity
snow-covered sea ice.

B. Deformed Ice

The combined scattering model is tested for deformed
ice regions using the assumption of a Gaussian distributed
surface with a variable rms surface slope. As a guide and
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Fig. 11. C-band SAR imageof marginal sea ice off the east coast of New-
foundland, indicating low intensity regions of relatively undeformed ice,
bright regions of deformed ice, and solitary, dark, saturated ice floes.
The image was acquired and processed by the Canada Centre for Remote
Sensing. )

scaling factor, rms surface slopes and snow properties
measured between March 16 and 26 are used to drive the
predicted scattering response.

A C-band scattering signature from the LIMEX ’87 ex-
periment of March 13 was obtained prior to the surface
observations recorded in Fig. 2(c) [47]. It is a mean scat-
tering signature from a region of the MIZ derived by av-
eraging the SAR image pixel intensities in the azimuthal
direction, correcting for the antenna gain pattern, and then
scaling the data to a relative backscattering coefficient (¢
dB) using airborne C-band scatterometer backscatter
cross-section measurements at an incidence angle of 45°.
A signature is fitted to these data in Fig. 12 and the snow
parameters necessary to generate this inverse model re-
sponse are indicated. The closeness of fit to measured data
is good, given actual surface conditions for that period.
A 16-cm deep, low-density snow layer ( p = 300 kg m ™)
with small grains (1.6-mm diam) and a low-volume frac-
tion of liquid water (3 percent) are predicted and realistic
given that cold weather and fresh snowfall preceded
March 16 measurements. The other parameter of interest
is the rms surface roughness of the surface, which is in-
dicated as 0.4 rad ( ~23°). This result indicates a rea-
sonable degree of confidence in the model prediction. Ev-
idently, marginal ice zoné surface conditions did not
change significantly over the three-day intervening period
between the March 13 SAR and scatterometer measure-
ments and surface characterization work. This lack of
change in snow properties is consistent with temperatures
that were predominantly below zero between March 13
and 15, although some metamorphism and increase in
density is expected. A roughness prediction of rms slope
s = 0.4 rad is also consistent with the surface roughness
conditions plotted in Fig. 9(a).
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Fig. 12. Modeling fit to calibrated SAR data points extracted from an
LIMEX °87 SAR image acquired on March 13. The snow parameters
used to generate the fit are indicated.

BACKSCATTER COEFFICIENT (DB)

Scattering signatures have been simulated for deformed
ice using the combined Gaussian surface and volume-
scattering model along with the rms slopes typical of sam-
pled locations and snow parameters in Table 1. It is evi-
dent from the results that signatures do not vary by more
than 1 or 2 dB from those plotted in Fig. 10. It is sug-
gested, therefore, that in order to generate observed radar
contrasts between rough deformed and relatively smooth
undeformed ice areas (Fig. 11), rough-surface snow and
ice media must have either a much larger volume scatter
component or a significantly rougher surface. These two
alternatives provide the only valid explanation for the im-
age contrasts observed in [46] between large undeformed
floe surfaces and surrounding rougher ice.

Samples and field observations of surface roughness
were limited to the locale of surface experiments. The CSS
Baffin never penetrated more than several kilometers into
the MIZ, and measurements did not capture more de-
formed regions of ice on SAR images further into the
pack. Limited samples from uplifted and rafted blocks of
ice in ridged portions of the pack support suggestions that
these areas are better drained and more desalinated than
floe surfaces. Containing less free water, such materials
are more efficient volume scatterers than wet snow-cov-
ered floe surfaces. In addition, the MIZ underwent a se-
vere ice compaction event which began on March 17 [37].
Between March 16 and 21, winds shifted from predomi-
nantly northeasterlies to southeasterlies (Fig. 2(a)). Rapid
compaction took place, reducing the ice extent signifi-
cantly (Fig. 1) and resulting in a high degree of rafting
and pulverization of ice floes under the extreme pressure
conditions. As a consequénce, the areal proportion of de-
formed ice increased significantly. It is largely this factor
which is expected to be the major cause of increasing o°
values. Tilted blocks and floe edges exposed by rafting
and pressure ridging contribute to higher rms slopes, and
values of 0.4 < s < 0.6 are not expected to be uncom-
mon. By March 25, under the influence of swell penetra-
tion, only an extremely small proportion of the ice floes
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remained undeformed. Winds also changed, allowing the
ice pressure to be relieved, and as waves fractured the ice
into a discrete pack the discontinuous floe field no longer
supported large piles of ice in rubble or ridges.

If the value of W, in rubbled or ridged ice is consis-
tently lower by 0.02-0.04 and the surface becomes pro-
gressively more deformed, Fig. 13 shows simulated sig-
natures for each day. Table II indicates the new parame-
ters, showing the increase in the rms slope from 0.4 to
0.6 rad between March 16 and 21, during the ice com-
paction event. On subsequent days the rms slope used is
s = 0.5 because the effects of wave penetration and
breakup had by this time fractured the MIZ into discrete
floes, without components at the lower end of the rough-
ness spectrum. Using this approach, it is predicted that
the highest backscatter values over the range 40° < § <
80° occurs on March 21st. Only on March 25 and 26 do
the values of ¢ exceed those of the 21st, between 40°
and 50° incidence. The explanation for the higher gra-
dient in the case of the last two days is the same as in Fig.
- 10 and is due to the increasing water content and snow
density and the reduction in snow depth.

It was clear during the LIMEX ’87 operations that ice-
pressure conditions reached a peak on March 21st. This
severe compaction event is explained by the winds in Fig.
2(a) shifting to predominantly southeasterlies and herding
ice towards the shore. It is expected from the model re-
sults, therefore, that regions of deformed ice in SAR im-
ages increase in brightness over this period. One method
" of extracting quantitative information from uncalibrated
SAR images is to investigate the statistics of digital num-
ber (DN) values corresponding to pixel intensities. Using
these data, it is possible to validate the model observa-
tions. Recorded DN values from LIMEX SAR images
such as Fig. 11 are related to the backscatter cross section
of the surface [48], with the value of DN? directly pro-
portional to ¢°. Digital numbers may be compared within
a scene provided that the system has a good relative cal-
ibration. The reliability of relative calibration over a pe-
riod of several days is low due to drift in the system pa-
rameters and variations in instrument gain, and it is safer
to investigate relative intensities within a single scene.
Digby Argus and Carsey [46] extracted DN values from
regions of deformed and undeformed ice (in areas with
large distinct floes surrounded by brighter material) by
using two scenes of the same region. For March 18 they
calculate statistics for the DN values obtained from floes
in the Cape Freels region and their surrounding pack; then
by using an image of the same region on March 21 have
identified the same floes and have calculated similar sta-
tistics. The result is that the relative contrast between the
two surface roughness classes on March 18 is low; the
difference between the mean DN value is 2 and the stan-
dard deviation of both surfaces is 18. By March 21, DN
statistics have changed somewhat and the relative contrast
between the floes and their surroundings increases. The
difference between the mean DN values of both floe and
surroundings has increased to 31, while the standard de-
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Fig. 13. Simulated C-band HH polarized scattering signatures for a de-
formed, Gaussian distributed sea-ice surface on each of the five days,
using parameters listed in Table II.

TABLE II
PARAMETERS USED IN MODELING DEFORMED ICE SIGNATURES BETWEEN
MARCH 16-26
Snow 16/03 20/03 21/03 25/03 26/03
Property
Fenow (T0) 0.001 0.0011 0.00125 0.00125 0.00125
W, 0.03 0.05 T 007 0.07 0.11
v (M) 0.16 0.12 0.04 0.02 0.02
Ponow (kg 3] 450.0 480.0 500.0 700.0 800.0
s (rad) 04 0.5 0.6 0.5 0.5

viation of both areas increases to 22 and 27, respectively
[46]. These changes in image characteristics are attrib-
uted to the increase in surface wetness as temperatures
rise, and such increases in the image contrast are evident
in various imaged locations in the MIZ on these days.

In Fig. 14 the relative backscatter contrast between de-
formed and undeformed ice has been calculated using the
pairs of curves for each date in Figs. 10 and 13. This
exercise is designed to see if the increase in contrast be-
tween rough and smooth surfaces is reproduced by the
model from March 16-21. Resulting curves demonstrate
that the distinction between simulated signatures for these
broad roughness classes is least on March 16, with a min-
imum contrast of 1 dB at § = 55°. The mean angular
contrast increases on March 20 and reaches an expected
maximum on March 21 of 3.5 dB. Peak radar backscatter
contrast between deformed ice and undeformed snow-
covered floes is approximately 5 dB and occurs for 45°
< 6§ < 60°. The predicted backscatter contrast between
the deformed ice on March 21 (Fig. 13) and the saturated
surface in Fig. 10 is also calculated for comparison. In
cases where deformed ice surrounds smooth floes with
saturated surfaces, the contrast may be expected to in-
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Fig. 14. Predicted radar backscatter contrast between deformed and un-
deformed ice signatures on each of the experiment days, using parame-
ters listed in Tables 1-and II, and Gaussian and exponential surface cor-
relation assumptions, respectively.

crease from 7 dB at 40° to 19 dB at 80°. After March 21,
reduced rms slopes interestingly do not have much effect
upon contrast in the 40°-55° incidence angle range, al-
though at larger incidence angles the contrast is reduced
by several dB. In the case of March 26, the predicted con-
trast reverses slightly between 62° and 69°.

VIII. ConNncLusioNs AND DiscussioN

Surface characterization work during LIMEX 87 gives
an important insight into the major processes at work in
the snow and ice surface layers during the onset of melt.
A simple combined model demonstrates the effect of a
variety of surface parameters observed during LIMEX ’87
upon 5.3-GHz two-dimensional radar backscatter signa-
tures. It is evident that the major factors modulating scat-
tering characteristics are the degree of snow metamorpho-
sis, surface wetness, and large-scale surface roughness.
When a damp snow cover is present, the C-band signature
is largely a response to snow parameters rather than the
ice beneath. Examples demonstrate that even shallow
damp snow masks the scattering response contribution
from the first-year ice surface because of attenuation or
extinction in a wet snow layer. In certain cases, when the
snow cover is melted, the scattering response is controlled
by the degree of desalination of first-year ice and the scale
of roughness of the surface. Saturated or ponded floes
cause a specular response and result in the steepest gra-
dients of ¢° over the 40° < 6 < 80° range. The conse-
quence is a high degree of contrast between such wet floes
and their surroundings, which is readily observed in the
SAR images.

The model presented here can be used to demonstrate
the contrasting scattering circumstances observed during
the course of LIMEX ’87. It can also predict relative dif--
ferences in o” between specific ground targets in order to
make comparisons with image properties. Results indi-
cate the possibility of identifying areas of deformed and
undeformed ice at a time of year when signature varia-
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tions due to ice typology are suppressed by snow mois-
ture. This work indicates that the SAR may be used more
efficiently during the spring/summer melt period to mea-
sure variations in the spatial extent of such classes of ice,
and using this information make progress towards infer-
ring the thickness distribution of the ice.

LIMEX ’87 encountered a specific range of melt and
pressure ice conditions which lend themselves well to the
use of this simplified combined backscatter model. A fur-
ther experiment (LIMEX *89) which took place in March
1989 provided a new, extended in situ dataset under a
contrasting range of conditions and enable such models to
be enhanced. Improvements to the CCRS C-band SAR
instrument ensured that a fully calibrated coincident dig-
ital SAR dataset was acquired with which to test and val-
idate models and to provide fresh insight into the range
of scattering signatures encountered in the Labrador Sea
under early-melt conditions.
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